SUMMARY The epithelial-mesenchymal interface of the intestinal mucosa obviously plays an important role in supporting the mucosal architecture. Its significance for the process of migration and differentiation of the epithelial cells remains to be resolved. It consists of a basement membrane, the anchoring zone and the subepithelial connective tissue, the origin of which is unknown. We therefore established an in vitro model to study the development of the endodermal-mesenchymal interface of the fetal human and murine intestinal mucosa. The distribution of the interstitial collagens type I, III, VI and procollagen type III as well as the basement membrane components collagen type IV and laminin was investigated immunohistochemically in these fetal explant cultures. The cultures were also adapted to serum free culture conditions. It was evident that while laminin and collagen type IV could be detected in the primary intestinal epithelium, the formation of an authentic basement membrane required the presence of both the epithelial and the mesenchymal cells. Interstitial collagens and procollagen type III were produced exclusively by the mesenchymal cells. Basement membrane formation in vitro coincided with cytodifferentiation of the endodermal cells as betrayed by electron microscopy and the activity of brush border enzymes. In conclusion, the maturation of the endoderm and the formation of the subepithelial basement membrane require the intimate proximity of viable mesenchyme in vitro.
The functional capacity of the small intestinal epithelium depends on the number and integrity of mature villus cells generated by the proliferative compartment of the crypts. While humoral factors and the adaptive response of the intestinal mucosa have been studied in detail to elucidate how the proliferation of the epithelium is regulated, little attention has been directed to the interaction of the epithelial cells with their extracellular matrix. Migration and terminal differentiation of the intestinal epithelial cells along the crypt-villus axis, however, imply that unique regulatory mechanisms should exist concerning the interaction of the epithelial cells, their basement membrane and the subepithelial connective tissue. Defective regulation of the migratory rate of the epithelial cells will alter cell turnover and hence the functional capacity of the mucosa.
Today we can apply the knowledge of the general biochemical composition and function of the extracellular matrix and the basement membranes that has expanded impressively over recent years.t 4 The availability of specific antibodies to macromolecules of the extracellular matrix has intensified research in this area."6 Thus, the investigation of cell-matrix interactions in the gut at a molecular level has become feasible.
We have recently conducted a comprehensive survey on the distribution of collagen type I, III, IV, V, VI, procollagen type I and III, fibronectin, laminin and undulin in the human intestinal mucosa. 7 Our studies have revealed a very homogenous appearance of the subepithelial basement membrane all along the entire human alimentary canal. The major constituents of the basement membrane, laminin and collagen type IV, were found continuously within the subepithelial basement membrane. Along the cryptvillus axis, no apparent gradient of the relative proportions of these two macromolecules within the basement membrane was observed immunohistologically. It has been suggested that the differentiated epithelial cells may contribute to the synthesis of the basement membrane proteins. Direct evidence for this possibility, however, is lacking. In contrast, production of fibronectin, interstitial collagens and Of the murine fetal intestines, only 1-2 cm proximal to the ileocaecal junction were retained, minced into 1 x 1 mm fragments and placed into a culture dish. For the immunofluorescence studies, the explants were grown on plastic Petri dishes (Falcon, Oxnard, USA) or on glass coverslips pretreated for one hour at 60°C in 0-1 M HCI, one hour at 80°C in aqua dest and stored in 70% alcohol. For the electron microscopical examinations, fetal explants were grown on Thermonox slides (Lux Scientifique, Naperville, USA). In one set of experiments, glass coverslips and Thermonox slides were covered with either native laminin (a gift of Dr R Timpl, Max Planck Institute, Munich), collagen type I and IV (prepared from human placenta by Dr D Schuppan) or fibronectin (Biochrom, West Berlin) in the following manner: these proteins were diluted in 0-2 M ammonium bicarbonate or in 0 5 M acetic acid at 50 ,g/ml and 1 ml of each solution per 35 mm Petri dish containing the coverslip was then allowed to evaporate under an ultraviolet light source.
Intestinal mesenchymal cells from the same sources were readily obtained from longer jejunal segments which were slit open longitudinally and placed into the culture dishes with the epithelial surface uppermost. Initially, all the explants were nourished by as little medium as possible (2-3 ml/10 cm dish) to promote the attachment of the intestinal fragments to the dish. The volume of the medium was then slowly increased to 12 ml/dish.
CULTURE CONDITIONS
Explant cultures were incubated in DMEM (see above) plus 10% fetal calf serum (Biochrom, West Berlin), 4 mM glutamine (Biochrom, West Berlin), 50 U/ml penicillin, 50 /tg/ml streptomycin (both from Sigma, Munich, West Germany) and 140 mU/ml insulin (Hoechst, Frankfurt, West Germany) under 8 % CO2 in air at 35 'C. Hormone-supplemented, serum free medium consisted of: DMEM plus 50,ug/ ml transferrin, 50 ,ug/ml ascorbic acid, 50 ng/ml epidermal growth factor, 1 ,tg/ml dexamethasone (all from Sigma, Munich, West Germany), 2 mM glutamine (Biochrom, West Berlin) and 50 mU/ml insulin (Hoechst, Frankfurt, West Germany). Medium was exchanged every three to four days.
HISTOCHEMICAL TECHNIQUES
The presence of alkaline phosphatase, lactase and a-glucosidase was documented histochemically in unfixed explant cultures according to Gutschmidt et al. 1617 ELECTRON MICROSCOPY For transmission electron microscopy, the explants grown on Thermonox slides were fixed in 1%
glutaraldehyde, 1 % tannin in 0-2 M phosphate buffered saline, postfixed in 1 % osmium tetraoxide and embedded in Mikropal according to Merker with plain DMEM at 36°C, fixed either with 1% buffered formalin at 4°C followed by a wash with buffered 0-2 M glycine to enhance good preservation or with a 1: 1 mixture of chloroform/acetone for 10 minutes to ensure intracellular staining. As formalin fixation slightly diminishes antigenicity, two explants were always used air dried without any fixation for comparison but these were not documented.
Non-immune rabbit IgG, rabbit serum and goat serum were used as controls for unspecific staining.
First and second antibodies were incubated with the explant cultures for an hour each, followed by extensive washes with 1 % bovine albumin in phosphate buffered saline.
Results

DEVELOPMENT OF FETAL INTESTINAL EXPLANTS IN VITRO
Within 12-24 hours of initiation of the explant cultures, the intestinal fragments adhered to the culture dishes and epithelial outgrowth was seen. Only those explants with exclusively epithelial outgrowth within the first two days were maintained in culture (60-80 % of all explants). All the others were discarded. The primary epithelial monolayer is readily distinguishable from other cells which may migrate from the fetal intestinal mucosa but in every series of explants some of them were assayed for the presence of cytokeratin and the absence of factor VIII by immunofluorescence. The primary epithelial monolayer consisted of tightly packed, small, polygonal cells which often form a thick rim at the leading edge (Fig. la, b) . These epithelial cells proliferated rapidly, encircling the original piece of mucosa within four to eight days. Sometimes the intestinal fragments did not adhere at all to the culture dish and continued to float in the culture medium. (Under these circumstances the mucosa will grow into three-dimensional, vital 'organ cultures' as has been described before.24) These were removed from the Petri dishes because their presence seemed to diminish the outgrowth of the primary epithelial monolayer from the adherent explants. While the primary epithelial cells continued to proliferate at the periphery of the explants maintaining a flat, well recognisable cytoplasm and a central nucleus, the pericentral zone of the epithelium began to show structural changes about three to five days after explantation. At this time, the pericentral zone appeared as a very dense cell layer by phase contrast microscopy. Very little cytoplasm was observed in these pericentral epithelial cells and the nuclei were no longer distinguishable. The border between the pericentral zone and the peripheral epithelial monolayer was usually rather abrupt although in some instances a more gradual transitional zone developed. When the distribution of the activity of three brush border enzymes was studied histochemically at this stage of the explant cultures, only the central and pericentral zones were stained (Fig.  2a) . The entire periphery which represents the primary epithelial monolayer remained consistently negative for a-glucosidase and lactase. A 'mosaic' distribution of alkaline phosphatase-positive and -negative cells were found in the primary epithelium indicating that individual cells closer to the original explant express enzyme activity (Fig 2a) . None of the brush border enzymes was seen at the leading edge of a primary epithelial monolayer. These findings indicated that epithelial cytodifferentiation had occurred in vitro not only in the central but also in the pericentral zone of the epithelial explant at a time when the primary epithelial monolayer had not acquired these features of maturation.
ULTRASTRUCTURAL ASPECT OF THE EXPLANT CULTURES
Ultrastructural analysis of transverse sections of the explant cultures confirmed the existence of a polarised intestinal epithelium in the pericentral zone at a considerable distance from the original piece of mucosa (Fig. Ic, ld, le) . Apparently, a gradient of differentiation had developed from the centre (original mucosa) towards the periphery of the epithelial outgrowth: the peripheral cells of the primary monolayer were flat, joined by gap functions and covered by only very sparse microvilli. In contrast, an incomplete basement membrane appeared at the border between the peripheral and the pericentral zone which became continuous within two to three epithelial diameters towards the centre. At high magnification, a lamina densa could be resolved within the basement membrane identical to the structure of authentic intestinal basement membranes (Fig. 1f) . The appearance of the basement membrane coincided precisely with the abrupt onset of polarisation of the epithelium of the pericentral zone. At the same time, the basement membrane was observed to reach from the centre of the explant just as far as the outgrowth of mesenchyme which had proliferated from the original piece of mucosa in between the primary monolayer and the culture dish (Fig. ic (Figs 2b-2f, 3a, b) . By immunofluorescence, laminin was found abundantly intra-and extracellularly in the primary epithelial monolayer and also in individual cells migrating ahead of the leading edge. Extracellularly, it formed a delicate network quite distinct from the longer and thicker fibrils of fibronectin. The amount of intracellular laminin, however, was decreased dramatically in the pericentral, differentiated zone where a basement membrane had been laid down (Fig 3a, b) remarked at the thick leading edge of the primary monolayer and in areas of intensive proliferation of epithelial cells reminiscent of the undifferentiated, highly proliferative intestinal epithelial cell lines which produce large amounts of fibronectin and deposit this protein as a dense network.826 In contrast, no fibronectin was identified intracellularly within the differentiated epithelium in vitro. Collagen type I, III and VI and the procollagens type I and III and undulin, all of which are macromolecules of the connective tissue in situ, were not detected in any primary or differentiated intestinal epithelial cell. The mesenchymal cells, however, migrating from the mucosa in vitro were heavily stained by antibodies to these interstitial macromolecules. It should be mentioned that intestinal smooth muscle cells produce basement membrane proteins and that these cells were equally stained by antibodies to collagen type IV and to laminin (Fig. 3a, b) . Morphologically, they cannot be confused with intestinal epithelium. Further characterisation of the population of mesenchyme derived cells is under way.
In order to test whether single, distinct constituents of the extracellular matrix, namely laminin, collagen type I, III, IV and fibronectin could induce differentiation of the primary epithelial monolayer, we explanted the fragments onto glass coverslips coated with the respective proteins. Essentially, however, no alterations of the scheme of development as observed on plain plastic dishes seemed to take place. Outgrowth of the primary monolayer did not vary on the different substrates. Epithelial differentiation was observed only in the immediate vicinity of viable mesenchyme and was certainly not inducible by any single protein.
Defined, serum free medium supplemented with transferrin, epidermal growth factor, dexamethasone, glucagon, insulin and ascorbic acid generated the same development of the fetal murine mucosa in vitro as serum supplemented medium, although initial attachment of the fragments was much slower. It is therefore possible to study basement membrane deposition by intestinal epithelia under chemically defined conditions. We have now begun to analyse the effect of individual growth factors in this system.
Discussion
The study presented The time course of events suggests that after the primary epithelial monolayer has proliferated from the original piece of mucosa, intestinal mesenchyme also begins to grow out of the mucosa invading the space between the primary epithelium and the surface of the culture dish. Apparently the intimate association of the fetal mesenchyme with the primary fetal epithelium induces the formation of a basement membrane and, simultaneously, epithelial cytodifferentiation. In the absence of mesenchyme, neither a basement membrane nor brush border activity is observed. Only alkaline phosphatase enzyme activity may be detected within individual, morphologically undifferentiated cells in a mosiac pattern.
We think that the most likely explanation for the dramatic decrease of intracellular basement membrane proteins within the differentiated epithelium is, that, upon differentiation, the intracellular pool of laminin and collagen type IV drops to such a low level that they are no longer detected by immunofluorescence. It seems highly likely that the mesenchyme induces the epithelial cells to secrete basement membrane proteins at their basal plasma membrane. Active participation of the mesenchymal cells in basement membrane biosynthesis, however, is also conceivable so that basement membrane formation is organised by both tissues in a coordinated fashion. The assembly of intrinsic basement membrane proteins at the basal plasma membrane requires specific receptors -one of which, the laminin receptor, has recently been identified on intestinal cells.27 Whether the polarisation of the epithelial cells is a concomitant alteration of the epithelial phenotype or whether polarisation is a prerequisite for the direction of secretion and the formation of a true basement membrane remains to be resolved.
The deposition of basement membrane proteins by induced but morphologically still undifferentiated cells has been demonstrated in another model in vitro: Ekblom et al detected the very early appearance of laminin and collagen type IV in the induced kidney mesenchyme before tubule formation (epithelial differentiation) occurred.28 Changing patterns of the distribution of matrix proteins accompanying epithelial differentiation have been observed in a variety of tissues in vivo and in vitro (for reviews see429 30).
Judging from these studies and our own experience, it is difficult to provide unequivocal evidence for the de novo biosynthesis of basement membrane proteins by mature epithelial cells. A novel approach will be the estimation of specific mRNA levels for laminin and collagen type IV by in situ hybridisation and we are currently engaged in this research in application to intestinal cells.
Epithelium-matrix-mesenchyme interactions are complex events promoting cytodifferentiation and tissue organisation. The requirement of viable mesenchyme for the maturation of the intestinal epithelium and the deposition of a basement membrane is indicated by this model in vitro, while previous reports have already established the importance of fetal mesenchyme in grafting experiments. [13] [14] [15] Another study revealed the intimate anatomical association of the epithelium with its underlying mesenchyme by cellular processes through gaps in the basement membrane during organogenesis in a phase of rapid intestinal maturation. 10 We have not identified a single matrix component that would simulate the effect of living mesenchymal cells in vitro. We have not, however, tested all potential molecular candidates. It is equally conceivable, that the combination of a minimal number of matrix proteins in combination with heparansulphate proteoglycan is required to induce epithelial maturation.3132 Heparansulphate proteoglycan is also an intrinsic component of the intestinal basement membrane. 33 The nature of epithelial-fibroblast interactions in the adult intestinal mucosa may differ from those during fetal life. The crypt-villus axis as a gradient of epithelial maturation is not in every aspect comparable to the differentiation of the intestinal epithelium during organogenesis. We need more detailed and more quantitative investigations of the cells involved in respect to matrix production and matrix assembly to elucidate these important relationships.
